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This thesis examines the effects of product composition, reactant temperature,
reactant pressure, fuel-air equivalence ratio, diluent addition, and fuel composition on
entropy generation in a constant internal energy/constant volume combustion process.
Equilibrium product composition is shown to produce less combustion-generated entropy
than frozen product composition. Using methane as the fuel, it is found that increasing
reactant temperature by 100 K decreases entropy generation by 6 to 9 percent, while
reactant pressure has little effect on entropy generation. Total entropy generation is
increased with excess air and increased diluent addition. For the three fuels considered in
this analysis (CH4, C2H5OH, C8H18), iso-octane uniformly exhibits the highest entropy
generation, indicating the strong effect of fuel type and structure on combustiongenerated entropy.
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CHAPTER I
INTRODUCTION

Combustion is a process in which reactants consisting of fuel and air (and
possibly other gaseous species) undergo a chemical reaction and produce product species
at higher temperatures. The energy released during this chemical reaction can be used to
operate many mechanical devices, most notably internal combustion (IC) engines. In fact,
combustion processes account for more than 85 percent of the world’s energy production
(EIA, 2008). Considering the overwhelming importance of combustion processes in
power production, it is relevant to examine effective means of improving the combustion
process. IC engine manufacturers utilize a variety of combustion strategies to improve
engine fuel conversion efficiencies and to decrease engine exhaust emissions. Increased
awareness of the limitations of existing fuel resources has led to renewed interest in
improving brake fuel conversion efficiencies of IC engines. Inefficiencies occur in IC
engines due to thermodynamic irreversibilities, which are usually quantified by entropy
generation or availability (exergy) destruction in various IC engine components and
processes.

Consequently, from the viewpoint of thermodynamics, it is evident that

entropy generation (or availability destruction) must be reduced to improve fuel
conversion efficiencies of IC engines.

1

1.1 Entropy Generation in IC Engines
In IC engines, irreversibilities associated with gas flows, heat transfer,
combustion, mechanical friction between moving parts, etc. contribute to the overall
availability destruction (or entropy generation). Thermodynamic availability (or exergy)
of a system is the theoretical maximum work that a system can produce until it attains
thermodynamic equilibrium with the environment. Therefore, availability destruction in
any process within an engine leads to a reduction in the amount of useful work that can
be extracted. For example, Table 1.1 shows the distribution of availability destruction (as
a percentage of the total fuel availability input) associated with different processes in a
typical spark-ignited (SI) engine (Caton, 2000a).

It is evident that the combustion

process destroys approximately 20 percent of the input fuel availability, while roughly 25
percent of the input fuel availability is lost with exhaust gases. Though significant
availability is lost through exhaust gases, the expulsion of product species is a necessity
for IC engines since they must operate as open cycles (Teh, et al., 2008a). Table 1.1
illustrates that the availability destroyed is approximately 70 percent of the total input
availability. The remaining availability is recovered as work and, to a much lesser extent,
as unused fuel.

2

Table 1.1
Distribution of availability destruction in an SI engine (adapted from (Caton, 2000a))

Engine Process

Availability Destroyed
(%)

Mixing

1.3

Combustion

20.6

Heat Transfer

23

Flows (Exhaust)

24.7

1.2 Selective Review of Second Law Literature
Reduction of availability destruction (entropy generation) is imperative to
improving fuel conversion efficiencies of IC engines.

To determine availability

destruction due to combustion, second law analysis (or availability analysis) of
combustion processes must be performed in conjunction with first law analysis, as first
law analysis alone does not give a complete description of the system’s performance.
While first law analysis yields energy efficiency results, second law analysis assesses
system performance relative to an ideal (reversible) case (Lior, et al., 2007). Several
authors have performed second law analyses on IC engines, and comprehensive literature
reviews of these studies are presented by Caton (2000a) and Rakopoulos and Giakoumis
(2006).

In his review, Caton identified more than two dozen investigations into

combustion irreversibility dating back to 1957, although most of the work in this area has
been published post-1980.

Caton observed that availability destruction generally

decreases as combustion temperature is increased.
Rakopoulos and Giakoumis extended Caton’s review to include more recent
publications and observed that a reduction in availability destruction does not necessarily
3

translate into an increase in engine brake power for a given amount of fuel availability
input. The excess availability is likely to be lost through exhaust expulsion and high heat
transfer rates instead of being converted into useful power. Rakopoulos and Giakoumis
also determined that less availability is destroyed when lighter fuels such as methane and
methanol are used, when compared with long-chain hydrocarbons. This is attributed to
lower entropy generation in the decomposition of lighter molecules.
Other researchers have attempted to quantify the sources of combustion
irreversibility. In their analyses of idealized combustion processes, Dunbar and Lior
(1994) concluded that internal thermal energy exchange between hot products and
relatively cool reactants is a major source of combustion irreversibility. This observation
has led to entropy generation reduction strategies in which the reactants are heated to
reduce the temperature gradient between reactants and products.
Som and Datta (2008) analyzed thermodynamic irreversibilities in combustion
processes, concluding that internal thermal energy exchange associated with high
temperature gradients in combustion reactions is a major source of combustion
irreversibility. Thus, they suggested that the primary means for reducing availability
destruction is to reduce heat conduction irreversibilities in combustion. Som and Datta
concluded that this reduction can be achieved through proper control of the physical and
chemical processes, resulting in high flame temperatures but reduced temperature
gradients within the system.
Many other studies have been performed to quantify the sources of combustion
irreversibility (Daw, et al., 2006; Chavannavar, et al., 2006a; Chakravarthy, et al., 2006;
Druecke, et al., 2006; Caton, 1999), and there is a general consensus that the leading
4

causes of availability destruction in combustion are internal heat transfer (between
reactants and products) and fuel oxidation. While these studies show that the combustion
process is highly irreversible, it should be noted that these irreversibilities are not yet
well-understood. However, an understanding of the root causes of these irreversibilities
contributes to the development of strategies to reduce irreversibility, thereby improving
fuel conversion efficiencies.
In research directly relevant to the present work, Caton (2000b) examined
availability destruction in an adiabatic, constant volume combustion vessel, and
concluded that availability destruction decreases as combustion temperatures increase.
Additionally, as the fuel-air equivalence ratio is progressively made leaner-thanstoichiometric, fuel-mass-specific availability destruction increases significantly. For the
conditions investigated, between 5 and 25 percent of the original fuel availability is
destroyed in the combustion process, with the higher value being more representative of
practical IC engine conditions. Caton has presented several other studies (2010a; 2010b;
2000c; 2002; 2000d) describing second law analyses of combustion processes in IC
engines. For instance, in (Caton, 2010a), a detailed parametric study revealed that the
primary reason for fluctuations in availability destroyed due to combustion is variation in
combustion temperature.

Furthermore, equivalence ratio, exhaust gas recirculation

(EGR), and inlet oxygen concentration significantly affect availability destroyed due to
combustion. Also, fuel type has a distinct effect on availability destroyed, with normal
alkanes (hydrocarbons comprised only of single-bonds) leading to greater availability
destruction than less complex fuels such as hydrogen and carbon monoxide (Caton,
2010b).
5

Recently, Teh et al. (2008a; 2008b; 2008c) performed computational studies to
determine the optimum path for maximizing IC engine cycle efficiencies, and concluded
that constant UV combustion is the optimum path. In (Teh, et al., 2008b), it was found
that the availability destruction during combustion is mildly dependent on reactant
mixture volume at the point of combustion, but strongly dependent on internal energy.
They asserted that the minimum availability destruction is dependent only on the start
and end states of combustion and that availability destruction can be minimized in
constant UV combustion by driving the reactants to the highest possible internal energy
state before combustion. In (Teh, et al., 2008a), several reactant preparation strategies
were analyzed to optimize combustion and work extraction.

It was found that

compression work can lower combustion-generated entropy and increase work extracted.
While dilution is shown to increase combustion-generated entropy, it can also lower
product temperatures and, therefore, exhaust availability. Cooling the reactant mixture
prior to compression or heating the mixture after compression is shown to improve
engine efficiencies.

1.3 Research Objectives
Much of the literature outlined above focuses on the causes of entropy generation
in combustion, while some efforts propose methods to reduce entropy generation. The
current research expands on these entropy generation studies, and provides greater insight
into the underlying thermodynamic reasons for the predicted entropy generation
behaviors. Like Teh et al., this research examines constant UV combustion and several
reactant conditions to determine entropy generation trends. However, in addition to the
6

effects of reactant temperature, reactant pressure, and excess air dilution, the effects of
individual diluent species and fuel type on entropy generation are examined in this
analysis. Additionally, entropy generation is analyzed on both a mixture-mass-specific
basis and a fuel-mass-specific basis.
The objectives of the present work are to understand the behavior of combustiongenerated entropy with variations in product composition and reactant conditions
(equivalence ratio, reactant pressure, reactant temperature, and fuel type) and to
determine the effects of individual diluent species (CO2, H2O, N2, and O2) on
combustion-generated entropy.
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CHAPTER II
THERMODYNAMIC SIMULATION DEVELOPMENT

In this analysis, a thermodynamic simulation of constant UV combustion has been
developed using MathCad. The reactant conditions are specified for this combustion
process, and a chemical reaction proceeds until thermodynamic equilibrium is attained
with combustion products at the same internal energy (U) and volume (V) as that
specified by the reactant conditions. Figure 2.1 illustrates the combustion model.

Figure 2.1
Combustion model for conversion of reactants to products
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This simulation can be used to determine both entropy generation and availability
destruction in the constant UV combustion process for varying reactant conditions and
diluent addition percentages. In general, entropy generation and availability destruction
are proportional to each other via the Gouy-Stodola theorem (Bejan, 2006). Figure 2.2
shows an example of the proportionality of entropy generation to availability destruction
in stoichiometric, constant UV combustion of methane at a reactant pressure of 101.325
kPa and a range of reactant temperatures from 300 K to 1200 K. It may be observed
from Fig. 2.2 that the availability destroyed is equal to ToSgen, where To is the temperature
of the surroundings (To = 298.15 K) and Sgen is the entropy generated within the system
during the combustion process.

Figure 2.2
Availability destruction and entropy generation vs. reactant temperature for CH4 at Φ=1
and PR=101.325 kPa
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2.1 Theoretical Description of Combustion Model
Combustion is assumed to occur in an adiabatic, constant volume, closed
combustion vessel. Since this is a closed system with no work or heat transfer with the
surroundings (an isolated system), any change in the system availability or total entropy
is due solely to the availability destruction or entropy generation in the combustion
process. The assumptions for this model include the following:


The system consists of fresh reactants and diluent species that are assumed to be a
mixture of ideal gases.



The thermodynamic properties of the system are spatially homogeneous.



The fuel is completely vaporized and mixed with air before combustion begins
and is completely consumed in the combustion process.
For an isolated system, the first and second laws of thermodynamics for any

process reduce to
U react  U prod
S prod  S react  S gen

(2.1)
(2.2)

where U and S refer to internal energy and entropy, respectively, and the subscripts react
and prod refer to reactants and products, respectively. Properties for each combustion
species, including all fuels, are calculated using the NASA polynomial tables (Burcat, et
al., 2011). The restricted dead state, or the thermodynamic state of the local environment
with which the system is restricted from mixing, is assumed to be standard air at 298.15
K and 101.325 kPa.

Both frozen products and equilibrium products are initially

considered for the combustion end state. Frozen product composition is calculated based
on the reactant composition and the fuel-air equivalence ratio (ϕ), while equilibrium
product composition is calculated following Olikara and Borman (1975).
10

Frozen product composition does not account for the dissociation of products at
high temperatures and includes only six product species (CO2, H2O, N2, O2, CO, and H2).
Frozen product compositions are determined using the following equation for combustion
stoichiometry of a generic fuel CxHyOzNk:
C x H y Oz N k 

x

 4y 



z
2

O2  3.76 N 2   n1CO2  n2 H 2 O  n3 N 2  n4 O2  n5 CO  n6 H 2

(2.3)

Once the molar composition is determined for frozen combustion products, the product
availability and the entropy generation can be determined.
In equilibrium product composition, product dissociation effects are considered.
Product dissociation occurs when high combustion temperatures cause product species to
break down into less complex species with fewer atomic bonds. Thus, the equilibrium
product species considered for equilibrium calculations include H, O, N, OH, and NO in
addition to the frozen product composition species of CO2, H2O, N2, O2, CO, and H2.
The stoichiometric equation for equilibrium composition is given by Eq. (2.4).
C x H y Oz N k 

x

 4y  2z



O2  3.76 N 2  

(2.4)

n1 H  n 2 O  n3 N  n 4 H 2  n5 OH  n 6 CO  n 7 NO  n8 O2  n9 H 2 O  n10CO2  n11 N 2

Equilibrium mole fractions are determined as described in (Olikara, et al., 1975).
For this analysis, the concentration of argon in standard air is considered negligible. To
determine equilibrium product composition, equilibrium constants (based on partial
pressures) are used in addition to the atom balances for C, H, O, and N. Since the
equilibrium constants are dependent on product temperature and pressure, the atom
balance equations must be solved simultaneously with the constant volume and constant
internal energy constraints of the overall system. These nonlinear equations are solved
11

using a quasi-Newton method to obtain product mole fractions, temperature, and pressure.
Once product composition, temperature, and pressure are known, the entropy generated
due to combustion is evaluated. The equilibrium product temperatures and compositions
from this equilibrium code have been verified with results from Stanjan (Reynolds, 1986),
and an example comparison for product temperatures is shown in Fig. 2.3, which gives
the product temperature results for constant UV combustion of CH4 at varying
equivalence ratios. In accordance with (Law, 2006) and (Glassman, et al., 2008), peak
temperatures are obtained at slightly rich conditions.

Figure 2.3
Equilibrium product temperatures vs. equivalence ratio for constant UV combustion of
CH4 at PR=101.325 kPa and TR=300 K
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2.2 Operation of Equilibrium Code
Input parameters used to define the fuel type and reactant conditions are shown in
Table 2.1. Also included in Table 2.1 are the baseline values used when a given reactant
parameter is held constant.

Table 2.1
Input parameters for entropy generation analysis
Input Parameters

Possible
Selections/Ranges

Fuel type

CH4, C8H18, C2H5OH

Reactant temperature

300 K – 1200 K

Reactant pressure

101.325 kPa – 10,132.5
kPa

Fuel-air equivalence ratio

0.3-1.5

Diluent species

H2O, CO2, N2, O2

Diluent Addition Ratio

0 – 50%

Baseline Value
CH4

300 K

101.325kPa

1

None

0%

In addition to the input parameters listed in Table 2.1, several constant conditions
are defined, such as the restricted dead state of To = 298.15 K and Po = 101.325 kPa, as
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well as molecular weights and thermodynamic property values (as functions of
temperature and/or pressure) for each combustion species.
After the reactant variables are input into the code, reactant mixture properties are
determined. Selected property definitions are illustrated below. The specific internal
energy of the reactant mixture, u, is calculated as follows:

u   xi u i

(2.5)

i

where, xi is the mole fraction and ui is the molar specific internal energy of the reactant
species i. The specific entropy of the reactant mixture (s) is calculated as

P 
s   Ru ln  R    xi sio  Ru ln x i 
 Po  i

(2.6)

where, Ru is the universal gas constant, PR is the reactant pressure, Po is the pressure for
the restricted dead state, and sio is the sensible molar specific entropy of species i. The
origin of this expression for molar specific entropy of the mixture is the fundamental
relation for entropy change (ds) of a single reactant species i
Tds  dh  vdP

(2.7)

where v is the molar specific volume, P is the pressure, T is the temperature, and h is the
molar specific enthalpy. Equation 2.6 is obtained by combining Eq. 2.7 with the mole
fraction relationship for the entropy of the mixture,

s   xi s i

(2.8)

i

The molar specific volume of the reactant mixture (v) is calculated using the ideal gas
equation of state. Product mixture properties are calculated using similar equations.

14

For any combustion process occurring in this isolated system, the specific volume
and the specific internal energy of the reactants are held constant over the process. Since
the mass of the system remains constant for a given set of reactant input parameters, these
specific property constraints restrict the combustion process to occur at constant internal
energy (U) and constant volume (V). For frozen product composition, the chemical
equation and atom balances can be solved directly to determine product molar
composition, and the constant UV constraint is subsequently employed to determine
product temperature and pressure.

For equilibrium composition, the constant UV

constraint is used in conjunction with atom balances, which contain partial pressure
equilibrium constants, to determine the product composition, product temperature, and
product pressure at the end of combustion. The partial pressure equilibrium constants are
determined using seven intermediate combustion reactions for product dissociation as in
(Olikara, et al., 1975) and are included in Appendix A.

These partial pressure

equilibrium constants are functions of both product pressure and product temperature and
are used in the atom balance equations to reduce the number of unknown mole fractions.
Using partial pressure equilibrium constants, seven of the eleven unknown product mole
fractions can be written in terms of the other four mole fractions. Thus, chemical
balances are obtained for C, H, O, and N yielding four nonlinear equations and six
unknown values; four unknown mole fractions as well as the unknown product
temperature and pressure. Thus, the constant UV constraint provides the other two
necessary equations to solve for unknown composition, temperature, and pressure. A
quasi-Newton solution is used to solve this set of six nonlinear equations. Additionally,

15

these balance equations must be reconstructed for each diluent species. Appendix A
shows the six nonlinear equations and the quasi-Newton solution for dilution with CO2.
Once the quasi-Newton solution yields product composition, temperature, and
pressure; product mixture properties can be determined using an approach similar to the
reactant mixture properties, given by Eqs. (2.5) and (2.6). Entropy generation is the
difference in product and reactant mixture entropy, as given by Eq. (2.2), and is
determined once the equilibrium equations are solved. Table 2.2 shows the output data
available from this code. The overall set-up and solution procedure for equilibrium
product composition is illustrated by the flowchart in Fig. 2.4, and Appendix A provides
a detailed example of the equilibrium code.

16

Table 2.2
Output data available for frozen and equilibrium product composition
Frozen Product Composition

Equilibrium Product Composition

Internal Energy of Reactant Mixture

Internal Energy of Reactant Mixture

Entropy of Reactant Mixture

Entropy of Reactant Mixture

Availability of Reactant Mixture

Availability of Reactant Mixture

Molar Composition of Products

Molar Composition of Products

Product Temperature

Product Temperature

Product Pressure

Product Pressure

Internal Energy of Product Mixture

Internal Energy of Product Mixture

Entropy of Product Mixture

Entropy of Product Mixture

Availability of Product Mixture

Availability of Product Mixture

Entropy Generated

Entropy Generated

Availability Destroyed

Availability Destroyed
Specific Heat Ratio
Specific Volume of Mixture

17

Figure 2.4
Flowchart of solution procedure for equilibrium code
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CHAPTER III
RESULTS AND DISCUSSION

In this section, constant UV combustion results are initially presented for methane,
and results for iso-octane and ethanol are included subsequently. Initially, frozen and
equilibrium product compositions are contrasted, and entropy generation trends with
respect to reactant temperature are examined for both cases. Equilibrium composition is
then used exclusively in the subsequent analyses, which include the effects of reactant
pressure, fuel-air equivalence ratio, diluent addition, and fuel-type effects on entropy
generation in constant UV combustion. Mass-specific entropy generation effects are also
reflected in these analyses. Finally, the implications of these results will be discussed in
this chapter.

3.1 Effects of Product Composition and Reactant Temperature
Figure 3.1 shows the difference in equilibrium and frozen product temperatures as
reactant temperatures are increased for the stoichiometric combustion of methane at a
reactant pressure of 101.325 kPa. The frozen product composition consistently yields
higher product temperatures than the equilibrium product composition. This is attributed
to equilibrium product dissociation, which causes a greater number of product species to
form, while the reactant compositions are the same for frozen and equilibrium
composition. Thus, since more product species are present, the chemical component of
19

internal energy is higher with equilibrium composition. However, the total internal
energy, which is maintained constant in the conversion from reactants to products, is the
same for frozen and equilibrium product composition at a prescribed reactant temperature.
Therefore, the sensible, or temperature-dependent, component of internal energy must be
higher for frozen composition than for equilibrium composition to offset the higher
chemical component present with equilibrium composition.

The higher sensible

component of internal energy dictates that product temperatures must be higher for frozen
product composition. Furthermore, Fig. 3.1 shows that equilibrium product temperatures
increase at a slower rate than frozen product temperatures. This is because product
dissociation becomes more significant as reactant temperature increases, and the number
of product species, as well as their mole fractions, continues to increase, thus increasing
the chemical component of internal energy and lowering the rate of increase of product
temperatures for equilibrium product composition.

20

Figure 3.1
Product temperature required for constant UV combustion of CH4 at PR=101.325 kPa and
increasing TR for frozen and equilibrium product composition

The entropy of the products is lower for equilibrium composition than for frozen
composition at the same reactant temperature, as shown in Fig. 3.2.

The lower

equilibrium product entropy corresponds to the lower equilibrium product temperatures.
For instance, at a reactant temperature of 500 K, the product temperatures for constant
UV combustion of CH4 are 2641 K and 2946 K for equilibrium and frozen composition,
respectively. The corresponding product entropies at a reactant temperature of 500 K are
0.762 kJ/K for equilibrium composition and 0.79 kJ/K for frozen composition.

As

reactant temperature is increased, the difference in equilibrium and frozen product
entropies increases, as does the difference in product temperatures, due to increasing
dissociation of equilibrium products. At a reactant temperature of 1100 K, the product
entropies and temperatures are 0.865 kJ/K and 2800 K for equilibrium composition and
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0.912 kJ/K and 3401 K for frozen composition, respectively. Thus, the lower equilibrium
product entropies can be attributed to the lower temperatures resulting from equilibrium
product dissociation. Since the entropy of the reactant mixture for a given reactant
temperature is the same for both frozen and equilibrium product compositions and since
product entropy is lower for the latter, the entropy generated is also lower for equilibrium
product composition, as shown in Fig. 3.3. Equilibrium product composition is used to
quantify the remaining entropy generation trends because it produces less combustiongenerated entropy and because it provides a more realistic representation of combustion.

Figure 3.2
Product entropy vs. product temperature for frozen and equilibrium products of CH4
combustion at Φ=1 and PR=101.325 kPa

Since total entropy generation is dependent on the size (mass) of the system, it is
useful to examine entropy generation behavior on a mass-specific basis to obtain a
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complete picture.

Figure 3.4 shows the mixture-mass-specific (mixture includes all

reactants) and fuel-mass-specific entropy generation for stoichiometric combustion of
CH4 at 101.325 kPa with equilibrium product composition. The general trends for
entropy generation at different reactant temperatures are not affected by mass-specific
terms, as seen by examining Figs. 3.3 and 3.4, where total entropy generation and massspecific entropy generation are all shown to decrease with increasing reactant
temperature.

However, the fuel-mass-specific values are consistently higher in

magnitude due to lower fuel mass as compared to mixture mass. By contrast, it will be
shown later that fuel-mass-specific entropy generation trends differ from mixture-massspecific trends for equivalence ratio variations.

Figure 3.3
Entropy generation vs. reactant temperature for frozen and equilibrium products of CH4
combustion at Φ=1 and PR=101.325 kPa
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Figure 3.4
Mass-specific entropy generation vs. reactant temperature (with corresponding product
temperatures) for CH4 combustion at Φ=1 and PR=101.325 kPa

As seen in Fig. 3.3, total entropy generation is reduced as reactant temperature
increases. A 100 K increase in reactant temperature decreases combustion-generated
entropy by 6 to 9 percent.

The decrease in combustion-generated entropy is more

significant when reactant temperature is increased from lower initial reactant
temperatures. For instance, increasing reactant temperature from 400 to 500 K provides
an 8 percent reduction in combustion-generated entropy, while increasing from 700 to
800 K yields a 7 percent decrease. Additionally, increasing the reactant temperature by
100 K does not significantly increase the product temperature; it is typically only
increased by about 30 K. Figure 3.5 illustrates this fact by showing the corresponding
product temperatures for combustion at varying reactant temperatures. The increase in
reactant temperature has a more significant effect on reactant entropy than on product
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entropy, as illustrated by Fig. 3.5; which results in lower entropy generation with
increasing reactant temperature. In other words, as the difference between product and
reactant temperatures decreases, so does combustion-generated entropy, as shown in Fig.
3.6. This indicates that it is certainly beneficial, from a combustion-generated entropy
standpoint, to ensure that reactant temperatures are as close to product temperatures as
possible. This may be attempted practically in IC engines by preheating or compressing
the reactants to temperatures (and internal energies) close to actual reaction temperatures.
However, these strategies for reducing combustion-generated entropy in engines may be
accompanied by undesirable side-effects such as higher emissions of oxides of nitrogen
(NOx) and reduced power densities.

Figure 3.5
Entropy of products and reactants vs. reactant temperature for CH4 combustion at Φ=1
and PR=101.325 kPa
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Figure 3.6
Combustion-generated entropy vs. temperature difference for CH4 combustion at Φ=1
and PR=101.325 kPa

3.2 Effects of Reactant Pressure
Reactant pressure has very little effect on entropy generation for constant UV
combustion. Figure 3.7 shows a slight increase in entropy generation as reactant pressure
increases. As pressure is increased from 101.325 kPa to 10,132.5 kPa, the increase in
combustion-generated entropy is only 1.9 percent. Increasing pressure increases the first
term in Eq. 2.6, thus lowering the specific entropy of the mixture. For the reactant
mixture, this increase in pressure results in negative values for reactant mixture entropy
with a constant reactant temperature of 300 K. Though the resulting product pressures
increase at a faster rate than the reactant pressure, product temperatures are sufficiently
high to ensure that the mixture specific entropy of products remains positive, causing the
temperature term to dominate the mixture entropy calculations (Eq. 2.6) for the products.
Thus, the product entropy does not decrease as rapidly as the reactant entropy, and
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entropy generation increases only slightly.

Figure 3.7 also demonstrates that both

mixture-mass-specific and fuel-mass-specific entropy generation trends are not
significantly altered with increasing reactant pressure.

Figure 3.7
Entropy generation vs. reactant pressure for CH4 combustion at Φ=1 and TR=300 K

3.3 Effects of Equivalence Ratio
Equivalence ratio (Φ) is an important parameter which affects combustion, fuel
conversion efficiencies, emissions, and power output in IC engines. Therefore, it is
important to characterize combustion-generated entropy behavior at different equivalence
ratios.

Figures 3.8 and 3.9 show that the total entropy generation increases as

equivalence ratio becomes leaner.

As seen in Fig. 3.8, the differences in entropy

generation between the three equivalence ratios (Φ = 0.5, Φ = 1.0, and Φ = 1.5) become
less significant at higher reactant temperatures, suggesting that there is a limit to the
reduction in combustion-generated entropy by altering equivalence ratios. As reactant
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temperature is increased from 300 K to 1100 K, entropy generation is decreased by 54
percent, 57.7 percent, and 59.1 percent for Φ = 1.5, Φ = 1.0, and Φ = 0.5, respectively.
This high-temperature convergence of combustion-generated entropy for multiple
equivalence ratios is in agreement with the results obtained in (Chavannavar, et al.,
2006b).
Despite decreasing product temperature at leaner equivalence ratios, the entropy
of the products increases, as shown in Fig. 3.10. Though the product temperature is
decreased, lean combustion with excess air provides a greater quantity of product species,
and the chemical component of entropy is accordingly increased. The increase in product
entropy can be attributed to the chemical entropy components. While product entropies
increase significantly at lean equivalence ratios, reactant entropies are nearly unaffected.
Therefore, most of the increase in entropy generation at lean equivalence ratios is caused
by the increase in product entropies.
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Figure 3.8
Entropy generation vs. reactant temperature for constant UV combustion of CH4 at three
different equivalence ratios with PR=101.325 kPa

Figure 3.9
Entropy generation vs. equivalence ratio for constant UV combustion of CH4 at TR=300
K and PR=101.325 kPa
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Figure 3.10
Product and reactant entropy vs. equivalence ratio for constant UV combustion of CH4 at
TR=300 K and PR=101.325 kPa

When examining entropy generation with respect to equivalence ratio on mixturemass-specific and fuel-mass-specific bases, opposite trends are observed, as evident from
Figs. 3.11 and 3.12. Figure 3.11 shows that the fuel-mass-specific entropy generation
follows the same trend as total entropy generation. This is due to the fact that the fuel
mass is held constant for all equivalence ratios, since the analysis considered the
combustion of one mole of fuel. However, the mixture mass is affected by the changing
equivalence ratio. Mixture mass is evaluated as



mmixturem fuel AFactual  1

(3.1)

where, mfuel is the mass of fuel and AFactual is the actual air-to-fuel ratio. As equivalence
ratio decreases, the actual air-to-fuel ratio increases, causing the mixture mass to increase.
Since the total entropy generation is divided by an increasing mixture mass as
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combustion becomes leaner, the mixture-mass-specific entropy generation decreases.
Figure 3.12 shows that this decrease in entropy generation is due to the decreasing
mixture-mass-specific product entropy. Again, mixture-mass-specific reactant entropy is
relatively unchanged. The decreasing mixture-mass-specific product entropy correlates
with the reduced product temperature for lean combustion. It appears that this decrease
in mixture-mass-specific entropy is only influenced by the sensible entropy component of
the products, whereas total entropy generation includes a significant chemical entropy
component from the increased product species introduced in lean combustion. Thus,
examining entropy generation on a mixture-mass-specific basis can be misleading, since
it diminishes the influence of the increased number of species present in the product
composition.

Figure 3.11
Mass-specific entropy generation vs. equivalence ratio for constant UV combustion of
CH4 at TR=300 K and PR=101.325 kPa
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Figure 3.12
Mixture-mass-specific product and reactant entropy vs. equivalence ratio for constant UV
combustion of CH4 at TR=300 K and PR=101.325 kPa

3.4 Effects of Diluent Addition
Exhaust gas recirculation (EGR) is commonly employed to reduce NOx emissions
in both spark-ignited and compression-ignited engines. The recycled exhaust gas consists
mainly of H2O, CO2, N2, and O2 but may also include smaller concentrations of other
gaseous species. While it is well-documented that EGR can lower local combustion
temperatures and thereby NOx emissions (Lee, et al., 2008; Diwakar, et al., 2008; AbdAlla, 2002), the specific effects of each diluent species on combustion-generated entropy
have not been quantified. Individual diluent effects are considered here to ascertain the
effect of each EGR species on entropy generation.
The addition of individual diluent species shows the same mass-specific entropy
generation trends as the equivalence ratio trends described above, as adding diluents
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produces the same mixture-mass-specific effect as increasing the air-to-fuel ratio.
Therefore, only the total entropy generation trends are presented here.

In general,

increasing diluent species concentration increases the total entropy generation. Figure
3.13 shows the effect of individual diluent species on entropy generation and product
temperature for the stoichiometric combustion of CH4. Water has the most significant
effect on entropy generation and product temperature, while CO2 has the weakest effect
on entropy generation. Carbon dioxide and nitrogen show similar entropy generation
trends, while O2 and N2 have similar effects on product temperature. An increase from
zero to 50 percent of diluent species (by mass) yields a 65 percent increase in
combustion-generated entropy for H2O, while the increase in combustion-generated
entropy for the other diluent species is between 40 to 50 percent.
The diluent effects on combustion-generated entropy are due to a combination of
factors, including diluent molecular weight, standard molar entropy at 298.15 K, and
product temperature. The molecular weight of each species affects the amount of entropy
generation due to the manner in which diluent species addition is calculated. The percent
diluent addition is calculated as the ratio of the mass of the diluent species to the total
mass of the reactants. Since the percent diluent addition is a prescribed input, the mass of
the diluent species is not dependent on the individual species, but only on the input
diluent addition ratio. Thus, the additional mass of the diluent species is the same for
each species at a given diluent addition ratio. However, the corresponding moles of the
diluent species are necessary to solve for equilibrium products. Thus, H2O has the
greatest number of additional moles reacting since it has the lowest molecular weight,
while CO2 has the least amount of additional moles in the reactants. Since entropy is an
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extensive property, a higher number of moles for a given species will yield higher
product entropies, thus increasing entropy generation.
While the number of moles seems to account for the entropy generation behavior
of H2O and CO2, it is not the only parameter affecting entropy generation for each diluent
species. Standard molar entropy at 298.15 K and product temperature will also affect the
total entropy of reactants and products. These parameters are shown in Table 3.1 for
each diluent species at zero percent and 30 percent diluent addition for stoichiometric
methane-air combustion. The low product temperature for H2O dilution implies that
greater dissociation occurs with H2O addition, which can account for the increased
product entropy. The lower number of moles and higher standard molar entropy at
298.15 K for CO2 can explain its lower entropy generation, as both the reactant and
product entropies are increased with a low overall effect on entropy generation. The
lower standard molar entropy at 298.15 K for N2 is likely responsible for its lower
entropy generation, as it has little effect on entropy values; though it is comparable to O2
in product temperature and molecular weight. In general, the trends shown in Fig. 3.13
confirm that combustion-generated entropy can increase with the addition of any of the
diluents commonly found in EGR.
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Figure 3.13
Entropy generation vs. percent diluent addition (on a mass basis) for combustion of CH4
with Φ=1, PR=101.325 kPa, and TR=300 K
Table 3.1
0% and 30% diluent addition parameters for each diluent species for combustion of CH4
at Φ=1, PR=101.325 kPa, and TR=300 K.
Diluent
Species

Molecular Additional Standard Molar
Product
Weight
Diluent Entropy at 298.15 Temperature
Moles
K for the diluent
[K]
species [J/mol-K]

Total
Product
Entropy
[kJ/K]

Total
Reactant
Entropy
[kJ/K]

Total
Entropy
Generation
[kJ/K]

H2O

18

6.889

188.83

1820

1.015

0.168

0.847

O2

32

3.875

205.14

2200

0.91

0.109

0.801

N2

28

4.429

191.61

2190

0.856

0.081

0.775

CO2

44

2.818

213.79

2100

0.895

0.128

0.767

0%

N/A

N/A

N/A

2590

0.707

0.07

0.637
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3.5 Effects of Fuel Type
Three different types of fuels are considered in this study: CH4 (simple
hydrocarbon fuel representative of natural gas), C2H5OH (oxygenated fuel), and C8H18
(long chain hydrocarbon representative of gasoline). For all of these fuels, the entropy
generation trends with respect to reactant temperature, reactant pressure, equivalence
ratio, and diluent addition are qualitatively similar; however, the magnitude of entropy
generation is strongly fuel-dependent. Figure 3.14 illustrates the combustion-generated
entropy for the three fuels as reactant temperature is varied, and Fig. 3.15 shows
combustion-generated entropy trends for the three fuels as equivalence ratio is varied.
The pressure-entropy generation trends are not included, since there is little change in
entropy generation as pressure is increased (see Fig. 3.7). Of the three fuels examined,
CH4 exhibited the least entropy generation and C8H18 exhibited the most, as shown in
Figs. 3.14 and 3.15. These results confirm the observations in (Rakopoulos, et al., 2006),
as methane is both the lightest of the three fuels (MW = 16 gm/mol) and the simplest in
chemical structure, while iso-octane is the heaviest (MW = 114 gm/mol) and the most
complex in chemical structure. Additionally, methane has the lowest standard molar
entropy at 298.15 K of the three fuels, and iso-octane has the highest. For low reactant
temperatures, the entropy generation for C8H18 is a factor of six higher than that for CH4
and a factor of four higher than that for C2H5OH. However, as entropy generation is
decreased with increasing reactant temperature or equivalence ratio, the difference in
entropy generation between the fuels is also decreased, again suggesting that there is a
limit to the reduction of combustion-generated entropy at high reactant temperatures and
rich equivalence ratios. For each fuel, increasing the reactant temperature from 300 to
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400 K decreases the entropy generation by 9 to 10 percent, and increasing the reactant
temperature from 300 to 1000 K decreases the entropy generation by about 40 percent.
Since C8H18 has the highest entropy generation, this percentage decrease affects its
behavior most dramatically.

For the entire temperature sweep, each fuel displays

between 48 and 50 percent reductions in combustion-generated entropy.

For the

equivalence ratio sweep, the combustion-generated entropy reduction is between 60 and
63 percent for each fuel.
Figure 3.16 shows the diluent addition results for C8H18 and C2H5OH. The trends
are qualitatively similar to the results shown for CH4 in Fig. 3.13: H2O exhibits the
strongest effect on entropy generation, and CO2 has the weakest effect. However, the
magnitudes of these effects are fuel-dependent. Fifty percent diluent addition (by mass)
of H2O produces a 69 percent increase in entropy generation for C8H18 and a 66 percent
increase for C2H5OH. For 50 percent dilution with oxygen, entropy generation increases
by 50.4 percent, 48.7 percent, and 48.5 percent for C8H18, C2H5OH, and CH4,
respectively.

For all three fuels, the entropy generation associated with 50 percent

dilution of N2 or CO2 is between 43 and 46 percent.
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Figure 3.14
Entropy generation vs. reactant temperature for CH4, C8H18, and C2H5OH with Φ=1 and
PR=101.325 kPa

Figure 3.15
Entropy generation vs. fuel-air equivalence ratio for CH4, C8H18, and C2H5OH with
PR=101.325 kPa and TR=300 K
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Figure 3.16
Entropy generation vs. percent diluent addition (on a mass basis) for the combustion of (a)
C8H18 and (b) C2H5OH with Φ= 1, PR = 101.325 kPa, and TR = 300K

3.6 Implications of Results
While the current work has provided a strong foundation to understand the basic
nature of combustion irreversibility in constant UV combustion, the analysis is still
largely theoretical in its scope with several idealizations. Real combustion processes in
IC engines occur in combustion chambers where both the volume and the internal energy
are time-variant. Additionally, spatial temperature gradients may be present, and the
system exchanges energy with the surroundings in the form of heat and work transfers.
Even so, idealizing the combustion process as shown in the present work enables a
detailed examination of combustion-generated entropy for different reactant conditions
and fuel types, albeit within the constraints of constant UV combustion. It is shown that
reducing the difference between reactant temperature and product temperature can
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minimize combustion-generated entropy. Significant reductions in entropy generation
can be realized even when reactant temperatures are increased by a few hundred Kelvin
above the ambient temperature; though this entropy generation reduction will likely be
accompanied by reduced power density, due to the reduced thermal gradient. Diluent
effects on combustion-generated entropy are interesting since diluent addition (with EGR)
is used to lower combustion temperatures and reduce exhaust emissions in both sparkignited and compression-ignited IC engines. Recently, the effects of H2O addition on
diesel combustion have been investigated (Tauzia, et al., 2010). It is known that H2O
addition lowers combustion temperatures and reduces NOx emissions. However, in the
present work, H2O is also shown to produce the highest combustion-generated entropy
among all diluents for constant UV combustion. These trends may provide a partial
explanation for the fuel conversion efficiency penalties that are sometimes associated
with H2O addition in IC engines (Tauzia, et al., 2010). It is also likely that efficiency
penalties with H2O addition are partially caused by the delayed onset of the combustion
process. On the other hand, while lean combustion and diluent addition can certainly
increase combustion-generated entropy, they need not always lead to reduced fuelconversion efficiencies (Teh, et al., 2008a; Foster, 2010). This may be enabled by the
reduced product temperature resulting from excess air or diluent addition, which allows
products to be exhausted closer to the restricted dead state.
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CHAPTER IV
CONCLUSIONS AND RECOMMENDATIONS

In the present work, entropy generation has been extensively examined for
constant internal energy-volume combustion. Entropy generation is a measure used to
quantify thermodynamic irreversibility, or the departure of a system from ideal conditions
where a process occurs entirely under equilibrium conditions.

Here, the effects of

product composition, reactant temperature, reactant pressure, equivalence ratio, diluent
addition, and fuel type on entropy generation in constant UV combustion are examined.
The results obtained in these analyses lead to the following important conclusions.

4.1 Conclusions
When comparing equilibrium and frozen product composition, it is shown that
equilibrium product composition yields lower product temperatures and therefore lower
combustion-generated entropy than frozen product composition.

Thus, equilibrium

product composition is used for subsequent analyses.
As reactant temperature increases for constant UV combustion, entropy
generation is reduced due to higher reactant entropies. A 100 K increase in reactant
temperature can reduce entropy generation by 6 to 9 percent. However, reactant pressure
has very little effect on combustion-generated entropy. Mixture-mass-specific and fuel41

mass-specific entropy generation trends are similar for varying reactant temperature and
pressure.
Mixture-mass-specific and fuel-mass-specific entropy generation trends are
opposite for equivalence ratio variation and for diluent addition. Fuel-mass-specific
entropy generation follows the same trend as total entropy generation, which increases
with decreasing equivalence ratio and increased diluent addition. Mixture-mass-specific
entropy generation follows the opposite trend, likely due to the diminished influence of
the number of combustion species present in the product composition.
Four diluent species are examined in the present work, H2O, CO2, N2, and O2. Of
these four species, H2O has the most significant effect on combustion-generated entropy,
while CO2 has the least. For the maximum diluent fraction considered (50 percent
dilution by mass), H2O increases entropy generation by up to 65 percent, while each of
the other diluent species increases combustion-generated entropy by 40 – 50 percent.
Methane (CH4), iso-octane (C8H18), and ethanol (C2H5OH) are examined under
similar reactant conditions.

It is shown that C8H18 produces the most combustion-

generated entropy of these three fuels, indicating that heavier and more molecularly
complex fuels yield higher entropy generation than less complex fuels.

Iso-octane

produced four times the entropy generation of C2H5OH and six times that of CH4.

4.2 Recommendations
While the present research has provided an insight into combustion
irreversibilities under idealized conditions, more work is needed to fully characterize and
optimize entropy generation in real IC engines. It is recommended that this work be
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extended to model real IC engine combustion processes occurring at conditions of timevarying volume and internal energy.

Furthermore, entropy generation in engine

combustion processes should be examined within the practical constraints imposed by
exhaust emissions regulations and power density requirements. Once these expansions
are made, the model can be used to optimize engine combustion processes and operating
conditions to improve fuel conversion efficiencies.
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APPENDIX A
MATHCAD EQUILBRIUM CODE
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The following shows an example of the equilibrium code explained in Chapter 2. This
example is for 20% diluent addition by mass of carbon dioxide. First, the input values are
specified. The values that are bold and underlined are values that must be manually changed.
Other input parameters will update according to those changes or rarely need to be changed. The
inputs for fuel values are shown below.
INPUT PARAMETERS

The initial conditions must also be specified and are shown below. Included with the
initial conditions are the assumed values for product temperature and pressure necessary to begin
iterative solutions.
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And the inputs necessary for diluent addition are

Coefficients for each fuel are taken from NASA polynomial tables and are assembled
into two coefficient matrices, CfLO and CfHI.
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The next area in the code defines functions from (Olikara, et al., 1975) that simplify the
equilibium equations, and then the partial pressure equilibrium constants, C1 through C10, are
defined.
DEFINITIONS AND EQUILIBRIUM CONSTANTS FROM OLIKARA
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These equilibrium constants are derived from seven intermediate combustion reactions, illustrated
below, where the constants K1 through K10 are curve-fitted from data in the JANAF
thermochemical tables.
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The thermodynamic properties are determined in the next section, after first defining
some constants. Coefficient matrices are constructed for each combustion species from the
NASA polynomial tables, as was done for each fuel. Then, the species matrix is augmented with
the corresponding columns for the fuel used in analysis (CH4).

THERMODYNAMIC PROPERTY DEFINITIONS
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DEAD STATE PROPERTIES
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For equilibrium composition, product dissociation effects are considered. The mole
fraction correlations for equilibrium product composition (without diluent addition) are
determined as shown below.
DETERMINING PRODUCT MOLE FRACTIONS, TEMPERATURE, AND PRESSURE
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PRODUCT MOLAR AND MASS AMOUNTS
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Similarly, the equilibrium mole fraction correlations are determined for diluent addition
with CO2 as shown next.
DILUENT ADDITION
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Next, entropy, internal energy, and availability mixture properties are determined on a
per kg basis.
MIXTURE PROPERTIES
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The output vectors for the equilibrium code are
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OUTPUT
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